Original scientific paper Masonry itself is a composite heterogeneous material whose structural behaviour is strongly affected by many influencing parameters with a wide range of possible values, construction procedures as well as care methods taken afterwards. When the masonry panel is added into the surrounding frame the complex interactive frame-infill system is established exhibiting highly nonlinear inelastic structural behaviour. Therefore, the analytical modelling of masonry-infilled frame structures is a very complex task that demands various data matching given in-situ conditions, otherwise applied methods and analytical models used have only a theoretical value. In this paper analytical modelling of infilled steel frame structures is based on previously experimentally calibrated data. The base for calibration of analytical models was experimental testing of one-bay, one-storey infilled steel frames conducted at the Faculty of Civil Engineering, Josip Juraj Strossmayer University of Osijek. Two series by three steel frames were infilled with perforated clay blocks ('strong infill') and autoclaved aerated concrete blocks ('weak infill') respectively. The significant difference in structural behaviour of these two kinds of masonry infill is observed and modelled. The macro-models (single-strut and three-strut model and infill-panel macro-model) and detailed 2D micro-models were applied. A total of eight analytical models were analysed with their relevant characteristics along with the quality of representation of the measured global and local results as well as their applicability.
Introduction
It is a well-known fact by now that masonry infill in frame structures significantly affects its strength, stiffness and ductility causing changes in typical frame behaviour. These changes can be favourable or detrimental, depending on many influencing factors (for example material and geometric properties of structure, structural configuration, load characteristics etc. [1] ). The resultant behaviour of the combined structure -the infilled frame is hard to define straightforwardly, and cannot be obtained by mere addition, because of highly non-linear behaviour resulting from ever-changing interaction conditions between the masonry panel and the surrounding frame. Moreover, there is no even common consent on the name of a new structural system, so in the literature one can find terms as "composite", "hybrid", "dual", "combined", "interactive" etc. system. Furthermore, the fact often pointed out is that neglecting of masonry infill's influence on global and local frame behaviour can seriously affect the reliability of a structure. Structural engineers sometimes tend to ignore contribution of infill panels due to lack of practical design methods, as well as detailed rules for designing of such kind of structures in contemporary codes (such as EC8, [2] ). It is therefore understandable a great effort made by various researches to establish simple, but accurate enough approach, of analytical description behaviour of infilled frames. Two main approaches can be distinguished regarding to the masonry infill modelling: a) macro-modelling: the masonry is treated as homogeneous continuum and there is no distinction between masonry units and joints, b) micro-modelling: all relevant parts of the masonry infill panel are recognized in the model -masonry units, mortar as well as masonry units-mortar interface.
The first approach has its origins in early research of Polyakov [3] , who recognized "truss-like" behaviour of infilled frames, e.g. the possibility to simulate the infill influence by equivalent diagonal compression strut connecting diagonal corners of the frame. The way of modelling masonry infill panel by that simplest macromodel has been substantially improved during the last few decades by virtue of many other researchers [4 ÷ 15] . Despite the reasonably good prediction of global behaviour of infilled frames and wide usage in practice, the main restriction of that method is inability to give insight into local interaction process taking place in areas adjacent to the frame corners. So the next logical step was to encompass those interaction effects into analytical modelling, resulting in models with multiple struts placed at and near the frame corners. There are many various ideas how to calculate characteristics and arrange those struts inside the frame, [6 ÷ 21] . Further advancement in analytical modelling was made by using 2D plane finite elements for infill and so called interface elements for interactive areas between the frame and the infill, [22] . Finite element method offers various powerful tools for creating more realistic analytical models, and therefore it has been widely used (for example [23÷30] ).
Permanent striving to simulate as many experimentally observed effects as it is possible finally led to "disassembling" of the infilled frame into its constituent parts (frame elements, masonry units and mortar joints) as well as defining local conditions of their interrelation by appropriate interface elements. That procedure is called micro-modelling and it enables simulation and relevancy assessment of almost each phenomenon inherent in structural behaviour. However, it should be noted that regardless of how detailed and complex models have been created, some important affecting factors usually still stay aside in these, by definition, deterministic analytical models: -great uncertainty and variation of masonry material properties, -differences between the laboratory and in situ executed masonry walls/samples -local construction procedure and care methods taken afterwards, etc.
That fact leads us to the conclusion that probabilistic approach to modelling of the structural behaviour of infilled frames would result in collection and processing of growing experimental and numerical data available, followed by definition and calibration of appropriate resistance models (as it was usual procedure with other types of structures).
In that course the main goal of this paper is to contribute further to the comprehension of structural behaviour of infilled frames, especially from the point of analytical modelling. A critical review of contemporary modelling techniques is presented on the example of previously experimentally tested infilled steel frames [1] . Typical macro and micro models have been created and calibrated using the results of the experimental testing.
Conducted test
The results obtained by experimental testing of specimens with 'strong' and 'weak' masonry-infill, [1] , are considered in this paper. Tested were also constitutive materials' properties on the specimens of the steel frame and masonry infill (masonry units, mortar and masonry wallets). All steel frames were built identical with rigid frame joints and dimensions as shown in Fig. 1 .
The specimens C-i (i=1÷3) were three steel frames infilled with perforated clay blocks ('strong' infill with f b =11,8 MPa, f m =5,0 MPa, and f k =1,6 MPa), while the specimens A-i (i=1÷3) were three steel frames infilled with Autoclaved Aerated Concrete blocks (AAC) ('weak' infill with f b =2,0 MPa, f m =9,1 MPa, and f k =0,9 MPa), where f b is the mean normalized vertical compressive strength of masonry unit, f m is the average compressive strength of mortar and f k is the mean vertical characteristic compressive strength of masonry.
Detailed data about the tests can be found in [1] . Measured and registered were applied loads at each of the two loading points by load cells, vertical and horizontal displacements of the specimen at the beam and column ends by LVDTs, movement of the foundation beam by LVDTs, elongations of diagonals (on the frame and on the infill) by string potentiometers and local strains at the frame's critical points (column and beam ends) by strain gauges, Fig. 3 . Experimentally obtained ultimate loads and initial stiffnesses (as the main representatives of the global structural behaviour) of particular specimens are presented in Fig. 4 . Regarding the presented results, along with the more detailed comments on it given in [1] , significant deviation of the initial stiffness of specimen A-1 to that of the other two specimens from that series can be noted. This comment is emphasized because of the calibration process where, for the specimens of A-i series, two average values of the ultimate loads and initial stiffness are given: the total average value (from all three specimens) and appropriate values calculated for specimens A-2 and A-3 only. 3 Analytical modelling by use of macro-models Physically intuitive approach of simulating the masonry action by an equivalent diagonal compression strut is the basic concept of macro-modelling. Its main advantages are the simple modelling (that does not require any specialized software nor type of the finites elements), small number of control parameters for its calibration along with reasonably good representation of the global behaviour. However, if those models are subjected to cycling, alternate load actions (for example earthquake excitation) time required for calculation significantly increases since the effectiveness of diagonal struts in compression only has to be taken into account. The next restriction of the single strut model is its inability to realistically present distribution of bending moments and shear forces in the frame elements. Consequently, very important phenomena like short column effect or large localized shear deformations of column web near the frame joints cannot be covered by this model. Those and similar interaction effects can be anticipated by multiple strut models. All those models with compression diagonal struts conceptually rely on the compression strength of the infill, while the influence of horizontal shear sliding stays neglected. Because of the significant strength and stiffness degradation of the system, when exposed to cyclic loads, commonly used elastic or elastic-ideal plastic material models are not applicable for masonry infilled frames.
Above mentioned facts can be, up to a certain extent, included into macro-models by the "nonlinear hinge". The nonlinear-hinge enables introduction of discrete nonlinearity defined by the lateral force-deformation relationship that simulates the behaviour of the masonry infill, Fig. 5b . That curve is usually polygonal and represents the masonry infill's strength envelope with key points calculated on the basis of infill properties. Those points signify typical working phases of the masonry infill -elastic domain, yielding zone with gradual stiffness degradation, post-peak strong stiffness degradation area and finally residual strength level, Fig.  5c . The advantage of this approach is that different modes of infill's failure can be represented, but the inability of taking into account the effects of interaction still remain.
Model with single equivalent strut
The nonlinear single strut model (SSM), used in this paper, is shown in Fig. 5 and it includes discrete nonlinear hinge which describes behaviour of masonry infill.
The analytical models of the two tested specimens' series have been created in Autodesk Robot Structural Analysis software package [31] . The steel frame material was modelled as elastic-ideal plastic with yield strength f y =337 N/mm 2 and modulus of elasticity E s =210.000 N/mm 2 , according to the test results, [1] . The appropriate representative properties of masonry infill used for defining characteristics of equivalent diagonal strut were obtained on the masonry wallets [1] . Thus, the modulus of elasticity (E m ) and shear strength (f vk ) of C-i specimens were 4600 N/mm 2 and 0,227 N/mm 2 respectively, while the appropriate characteristics of A-i specimens were 1200 N/mm 2 and 0,240 N/mm 2 . Required properties of the equivalent diagonal strut, representing elastic in-plane stiffness of masonry infill, were obtained by use of the well-known expressions [32] :
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where, along with already defined notations, h c and h w are the steel column and the masonry infill panel height, respectively, r w is the clear diagonal length of the infill panel, I col is the moment of inertia of the steel column, θ is the inclination of the diagonal strut with respect to the horizontal plane, t w is the thickness of the infill panel, and λ is coefficient used to determine the equivalent width of diagonal strut. The procedure for determining the key points of the envelope curve, Fig. 5c , is often described in the literature (for example [33] or [34] ) and there is no need to repeat it here. However, it is worth to mention that two critical failure modes -sliding shear and compression failure are taken into account for estimating the maximum lateral strength, F max. Relationships between relevant points of the infill envelope curve in the form suitable for the calibration process can be presented as follows:
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where: F cr -shear force at yielding, F res -post-peak residual shear force, K el -initial stiffness of the infill panel, K sec -secant stiffness (targets at the maximum strength), K deg -stiffness corresponding to the post-peak degrading branch of the envelope, α -the ratio of the post-to pre-yield stiffness, k 1 , k 2 -coefficients that depend on infill properties. In the literature various values as estimate of the parameters k 1 , k 2 and α have been given. Very often they either correspond to the very specific conditions or their range of values is quite wide. For example, in the paper [33] the value of 1,30 is suggested for the coefficient k 1 , while the range of values for α is between 0,005 and 0,1 (upper value corresponds to the very brittle infill). In the same manner, the value of 0,30 is proposed for k 2 in [32] . So, proposed values can serve for the approximate estimate of the structural behaviour of infilled frames, but the need of relevant experimental data that represent particular properties/conditions is obvious for the practical design.
In this paper the calibration of parameters k 1 , k 2 and α for all three tested series of the specimens has been done. The obtained values of parameters k 1 and α for C-i specimens were 1,30 and 0,01 respectively, while for A-i specimens these values were 1,10 and 0,03. For both series the value of 0,30 was adopted for parameter k 2 .
Other calibrated parameters of the infill's strength envelope curves are presented in Tab. 1.
Graphical comparisons of the analytical SSM model results with the appropriate experimental results (presented in the form of hysteresis envelopes) from [1] are presented in Fig. 6 . In order to additionally emphasize contribution to the structural behaviour of particular type of infill, calculated force in the diagonal strut is separately shown. 
Model with three equivalent struts
The analytical model with three equivalent strut diagonals, developed by El-Dakhakhni [21] was chosen as representative for multiple struts models. The contact areas between the frame and the infill panel are of particular concern in this model, and according to [21] in the case of steel frames infilled with masonry infill the contact lengths are located at following distances from the beam-column connections, Fig. 7 :
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where, α c is the ratio of the column contact length to the height of the column h c , α b is the ratio of the beam contact length to span of the beam l b ; M pj is the minimum of the column, beam or connection's plastic moment capacity; M pc and M pb are the column and beam's plastic moment capacities, respectively; f m−0 and f m−90 are the compressive strength of the masonry panel parallel and normal to the bed joint, respectively, and t w is the infill thickness. It is worth noting that the influence of actual steel joint behaviour can also be taken into account by use of the above expressions. In this approach the single strut model is improved by addition of two other equivalent struts on each side of the central diagonal strut, Fig 7. These struts connect corresponding beam and column and their ends are placed at the edges of the contact lengths calculated according to expressions (7) and (8) .
The total diagonal struts area is to be calculated by:
where θ is an angle defining inclination of the central strut. The total area should be divided in a way that the central strut is half of the area and each of the other two struts has one quarter of the whole area. Since masonry panel is strongly heterogeneous structural element, it is treated as an orthotropic plate with the modulus of elasticity E 0 and E 90 in the direction parallel and normal to the bed joints respectively. As the lateral load acts at the frame joints, it is transferred by infill panel's diagonal action and characteristics of the panel in diagonal direction ought to be calculated, [35] 
where, E θ is the modulus of elasticity in diagonal direction; f' m−θ and f' m−90 are the ultimate strength of the masonry infill in θ and normal to the bed joints direction, respectively. Although model allows more influential parameters to be included, its accuracy model is strongly influenced by the availability of relevant material and elements properties. More sophisticated models demand the more detailed data. Use of tri-linear stress strain relationship instead of the actual parabolic relationship is suggested in [21] , Fig. 7b . Peak load secant stiffness of the infill frames is to be taken as half of the initial stiffness, i.e. E p =0,5E θ , according to [20] . Thus, knowing E p and f' m−θ it is easy to determine the strain corresponding to the peak load, ε p . Other relevant parameters for definition of the primary curve, as suggested in [21] , in the absence of more accurate data can be assumed as follows: 
By use of our own experimental data and Eqs. (7) ÷ (12), the strength envelope for the three strut model (MSM) is defined and shown in Tab. 2.
Calculated calibrated values for ε 1 and ε 2 strains given in Eq. (12) for specimens with perforated clay bricks (C-MSM) and with AAC blocks (A-MSM) were ε p ±0,0005 and ε p ±0,0018 respectively, while the value of ε u for both series was 0,01.
In Fig. 8 the comparisons of the MSM analytical model results with the appropriate experimental results are given in the same graphic form as for the single strut model. 
Model with the infill panel element macro model
Very efficient way to simplify and accelerate the process of infill modelling is use of the predetermined finite element panel available in some FEM packages. In this paper the inelastic infill panel element ('infill') implemented in Seismostruct software [36] has been used. The behaviour of that element is based on research carried out by Crisafulli and Carr [37] and Crisafulli [38] , and is capable for describing the most common modes of failure -diagonal compression mode and sliding shear mode. Inclusion of all types of masonry failure modes would not be practical due to complexity and uncertainty of the problem. An infill panel is represented by six strut memberseach diagonal direction is modelled with two parallel struts that take over diagonal axial loads while the third one carries the shear (in each direction as well), Fig. 9 .
Although four dummy nodes are introduced with the intention of taking into account the interactive contact length between the frame and the infill panel, in the end all internal forces are transferred to the four corner nodes of the frame.
The masonry strut hysteresis model has been used for definition of the axial load struts, while the shear strut uses a bilinear hysteresis rule. Complete definition of the inelastic response curve for axial struts is more complex and requires seventeen parameters to be assigned, as opposed to four parameters needed for the shear strut.
Besides common mechanical properties of the masonry infill subjected to axial and/or shear stresses, there are also empirical parameters related to cyclic loading. The model allows for reduction of equivalent strut area due to cracking as well as definition of the equivalent contact length between the frame and the infill panel. The other details of the model can be found in [36] . According to [36] , the compressive strength of the infill panel for specimens (f mθ ) infilled with perforated clay blocks (C-i) was defined as the lowest value of the most probable failure mechanism ((1) diagonal tension, (2) sliding shear, (3) corner crushing and (4) The most important parameters that influenced the calibration process were the infill's modulus of elasticity (E m ), reduced area of the equivalent strut (A 2 ), compressive strength (f mθ ) with appropriate strain (ε m ) as well as shear strength expressed by the initial shear bond strength (c) and coefficient of friction (μ). Fig. 10 shows comparisons between the experimental and analytical results, obtained for the SPM model.
Analytical modelling by use of micro-models
As it was mentioned earlier, micro-modelling implies simulation of the structural behaviour in detail, by considering each constitutive structural material separately and taking into account their inter-relations. Detailed analytical simulation of an infilled frame structural behaviour requires a great number of influencing factors that affect masonry panel, surrounding frame and frame-panel interactions. While modelling of the frame is more or less common engineering task, the problem of an appropriate representation of the masonry infill and frame-masonry panel interface conditions requires much more effort and skill.
Opposed to the consideration of the masonry infill as homogeneous continuum, e.g. one phase material in the macro-modelling approach, detailed micro-modelling technique is based on masonry infill as two or threephases material. Simplified micro-modelling comprises two-phases material model, e.g. it regards the masonry units as the first, and the mortar joints together with the unit-mortar interface as the second constitutive part of the masonry panel. Differentiation of all three main parts of the infill panel (units, mortar joints and units-mortar interface) is employed in detailed micro-modelling procedure. Besides the appropriate representation of the masonry infill, the accuracy of the analytical model is in great deal affected by the adequate description of the boundary conditions at panel-frame interfaces. In general, the contact area between the frame and the infill panel can be modelled by either the so-called tie-link or interface elements. Their purpose is to allow possible deformations, sliding and separation along the contact area. Tie-link element represents discrete modelling of those conditions at the level of two adjacent nodes of panel and frame. Use of the interface elements provides more accurate representation of the contact area based on various constitutive relationships (e.g. Coulomb's friction theory). Micro-modelling of the infilled steel frames in this paper has been done with the ATENA 2D FEM package, [39, 40] . Detailed approach with three-phase masonry model was used. Masonry units were modelled by the material model SBETA that includes the non-linear behaviour in compression, fracture in tension based on the nonlinear fracture mechanics, reduction of compressive strength as well as the shear stiffness after cracking and various crack models, Fig. 11b . Although originally created for simulating the concrete behaviour, this model proved to be applicable for modelling of the brick masonry. Plane quadrilateral finite elements with nine nodes and plane triangular finite elements with six nodes were used for modelling, Fig. 11a . The model for the interface material is based on the Mohr-Coulomb criterion with tension cut off, Fig. 11c . The interface is defined by a pair of parallel lines, each located on the opposite side, and can share the same position in un-deformed geometry. Special care was paid to assignment of the initial elastic normal and shear stiffness of those elements, as they greatly influence the accuracy and numerical stability. Two types of interface elements were created -the first type for mortar joints in masonry panel and the second type for contact line between the frame and the infill. Relevant mechanical characteristics of the steel frame and masonry infill materials used in analytical micro-models (AMM) are given in Tab. 4 . Comparison of the analytical (AMM models) and experimental results for tested series of specimens is given in Fig. 12 . Micro-modelling enables much more detailed insight into the structural behaviour than macromodelling, so that distribution of the normal and shear stresses both at 0,5 % interstory drift and at failure as well as crack pattern comparisons for both tested series are given in Fig. 13 to 18 . 
Discussions
The analytical models commonly used for modelling of the masonry infilled frames, calibrated on the experimentally tested specimens, are presented in the previous sections. At the end of each section the comparisons of analytical and experimental results of the global structural behaviour (e.g. initial stiffness, ultimate lateral load and hysteresis envelopes) of all three tested series have been presented. Compacted form of these results classified by the type of masonry infill (C-i, A-i) is shown in Fig. 19 .
The main conclusions regarding several relevant aspects are as following: (a) Type of the infill -differences between the analytical and experimental results for both the initial stiffness and ultimate load are the smallest for specimens infilled with the perforated clay blocks (C-i series); among the four analytical models the model with infill-panel macroelement showed a bit greater deviation in prediction of the experimental values, while the single strut model was almost quite accurate; -behaviour of the specimens with AAC blocks (A-i series) was much harder to predict -the analytical results are spread out over a wider area compared to specimens of C-i series; -the first two facts can be connected with the experimental observations -while the C-i specimens behaved regularly, with smooth and very similar hysteretic curves, the behaviour of A-i specimens was quite different due to the ability of holding its integrity well into the inelastic range; a combination of weak units and strong glue possesses significant deformation potential after reaching the particular (critical) value of the shear strength.
(b) Type of the model -models with equivalent diagonals (SSM and MSM) were very efficient for predicting the global structural behaviour of frames infilled with common clay infill; in the case of 'weak' infills (A-i specimens) their accuracy was less reliable than other analytical models; -model with infill-panel macro-element (SPM) was acceptably reliable for all types of infill with noticeably the shortest time required for response calculation. They were also capable to produce the whole hysteresis behaviour of the specimens what makes this model very suitable for engineering practice; -micro-models (AMM) were the most accurate analytical models used in the analysis -it was observed that besides very good prediction of the global behaviour indicators these models were also capable of convincingly tracing the other relevant structural parameters -cracking patterns ( Fig. 15 and  18 ), the primary curves (Fig. 20) and various local effects that can be further checked. However, these models required large number of parameters that ought to be calibrated (where many of them were based on the experimental results) and longer time for calculations.
Figure 20
Primary curves obtained by micro-models (AMM) (c) Local effects -change of the bending moments versus inter-storey drift for C-i series at characteristic frame points (1 to 3) is shown in Fig. 21 . The obvious fact that single strut model cannot predict local effects on the columns caused by the masonry infill action is visible on the point 2. There was a difference between the values obtained by the MSM and SPM models. It is a consequence of the earlier mentioned fact that masonry macro-element in the SPM model transfers the internal forces to the corner nodes of the frame; -micro-models were capable to simulate a wide spectra of local effects otherwise hardly available to other model types -e.g. the slip between the frame and the infill, the onset of cracking, influence of the presence of a gap between the frame and the infill, local characteristics of the contact areas etc. These simulations can also be very useful in the calibration process.
Figure 21
Change of the bending moments at characteristic frame points vs. inter-storey drifts
Conclusions
The analytical modelling of infilled frames is still very complex due to a great variety of masonry mechanical characteristics, numerous uncertainties regarding the physical behaviour and experimental testing of that combined (interactive) structural system and strong dependence on workmanship conditions. Further research on these structures is justified by the final aim of collecting, analysing, classification and processing of the data in order to create the appropriate design models that can be codified. The probabilistic approach with detailed analysis of the basic variables and other relevant parameters is expected to offer powerful tool for resolving this problem.
In that course, on the basis of previously conducted experimental tests of steel frames infilled with masonry walls, [1] , the common analytical models of the tested specimens have been created and calibrated. Three types of macro-models and detailed micro-model were used for modelling of the frames infilled with two types of masonry infill ('strong' clay units and 'weak' AAC units). A total of eight analytical models were analysed with their relevant model characteristics along with the quality of presentation of the measured results and their applicability.
It has been observed that the single strut model (C-SSM) results were very reliable in the case of clay masonry infilled frames but not so accurate for aerated concrete infilled frames (A-SSM). The same trend goes for the three strut models (C-SSM and A-SSM) but with further reduction of accuracy degree. Still, these models provide a relative quick insight into initial stiffness and lateral load resistance of masonry infilled frames. Thus, they represent an acceptable method for engineering practice where there is neither extensive experimental work nor the acquisition of various often hard to get parameters. On the other hand, the macro-element model predictions were more accurate in the case of aerated concrete infilled frames (A-SPM) than in the case of clay masonry infilled frames (C-SPM). That model better predicted ultimate load capacity than initial stiffness of the system for both analysed types of infill. The strong advantages of the macro-element model are very fast response calculation as well as capability for producing hysteresis behaviour of the analysed system. The micromodel (C-AMM and A-AMM) results coincide with experimentally obtained values for both types of infilled frames and were the best predicted analytical results achieved in this analysis. They were able to provide further exploration of behaviour and failure mechanisms (e.g. delamination of masonry infill from the frame, sliding of masonry elements at mort contact surface, concentration and redistribution of stress in masonry infill at crack initialization, etc.), but at the same time are very complex, computationally demanding, time consuming and still inapplicable for larger structures.
Everything being taken into account, it seems that macro-element models represent a promising platform for further development of accuracy while maintaining their strong advantages compared to the other models used.
In the future work, a parametric analysis of various relevant model parameters with calibrated analytical models presented in this paper will be done. These would offer another set of valuable data useful in further comprehension of the analysed structural systems.
